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Abstract

We describethe designandimplementatiorof a templatedC++ classfor vec-
tors. The vector classis templatedboth for vectorlengthandvectorcomponent
type; the vectorlengthis fixed at templateinstantiationtime. The vectorimple-
mentationis suchthatfor a vectorof N component®f type T, the total number
of bytesrequiredby the vectoris equalto N * sizeof(T) , wheresizeof is
thebuilt-in C operator The propertyof having a sizeno biggerthanthatrequired
by the componentshemselesis key in mary numericalcomputingapplications,
whereonemayallocatevery large arraysof small,fixed-lengthvectors.

In additionto the designtrade-ofs motivating our fixed-lengthvectordesign
choice, we review someof the C++ templatefeaturesessentialto an efficient,
succinctimplementation. In particular we highlight someof the standardC++
featuressuchaspartialtemplatespecializationthatarenot supportedy all com-
pilerscurrently This reportprovidesaninventorylisting therelevantsupportcur-
rently provided by somekey compilers,aswell astestcodeonecanuseto verify
compilercapabilities.

1 Introduction

Vectorsareacommonlyoccurringtypeof objectin mary softwareefforts. Their preva-
lenceandutility led the designersf the StandardremplateLibrary (STL) [MS96] to
make vectorsoneof the basicclassesn their library. This library in turn wasadopted
by the C++ standardeommittee thusthe STL vectorclassis now a standardpart of
C++[IS0O98. STL vectorsarequite generalandflexible. They canbe dynamically
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grown andshrunk,andadaptedo implementothercollectiontypessuchasstacksand
lists. ThefactthatSTL vectorinstancegandynamicallygrow to arbitrarysizeimplies
thattheirimplementatiorcontainssomeindirection,typically a pointerto a buffer that
is dynamically allocatedto the appropriatesize. This in turn implies that the total

amountof memoryrequiredby an STL vectoris greaterthanthe memoryrequiredto

storethe vectorelements.At minimum thereis the extra memoryfor the pointerto

the databuffer. Typically, thereis alsothe memoryrequiredfor internalbookkeeping
values,suchasan integer storing the currently allocatedvectorlength. Whenusing
a small numberof vector objects,this overheadis typically unimportant. Whenal-

locatinglarge arraysof small vectors,the overheadcan be significant. Scenariosn

numericalcomputingwhereoneallocatesarraysconsistingof millions of small, fixed-
lengthvectorsoccurfrequently thusone obvious optimizationis to develop a vector
classthattradesoff dynamicallychangeabléengthfor a smallermemaoryfootprint.

Even with a fixed-lengthvector class,there are designtrade-ofs to be madein
orderto keepthememoryrequiremenbf eachinstancesqualto thatof thecomponents
alone. In particular we chooseto not make the vectorclassegolymorphic. In C++,
polymorphismis supportedviavirtual ~ functions.Eachinstanceof aclasswith any
virtual functionscontainsa pointerto a virtual function table, thusthe size of each
instancancludesthe sizeof a pointer Notethatthe virtual functionscould be defined
in our vectorclass,or they could beinheritedif our classinheritsfrom anotherclass.
Onescenariavherethis couldhapperoccursf all objectsarerequiredto inheritfrom a
commonbaseclass.The baseclasstypically declaresnterfacecommonto all objects,
for instanceserializatiorroutinesfor network communicatiorandpersistenceHaving
suchcommonfunctionality for all objectsis handy but it comesata memorycostthat
we cannotafford for our vectordesign.

The templatevectorclasswe describehereis not the first templatedsmall vector
designto addressiumericalcomputingneeds.The seconcdedition of the Field Encap-
sulationLibrary (FEL) [MHEOO, MHOQ] containedvectorclasseghat were usedex-
tensiely throughouthe library. FEL vectorsweretemplatedby componentype, but
not by length. Onecould not composematricesasvectorsof vectors(seeSection2.4
belown). TheBlitz++ [BIi] library is anothereffort towardshigh-performanc&umeric
computingusing C++ andtemplates.Blitz++ containsa classcalled TinyVector
thatis similar to the classwe describein thatit is templatedoy componentype and
length. The interfaceof TinyVector  containssomefeaturesour vectorclassdoes
not have, suchasiteratordefinitions,but lackssomeof the basicfeatureghatwe will
need suchasdefinitionsfor operator+

The next sectionpresentghe criteriawe usedin makingour vector classdesign
choicesfollowedby a discussiorcoveringthe salientfeaturesof ourimplementation.
Becausethe templatestandardgor C++ have beenfinalized relatively recently and
becausesupportis nontrivial to implement,one still cannotassumehat every com-
piler will handletemplatedcodecorrectly Following our implementatiordiscussion
we provide an inventory of the templatefeaturesour designrequires,alongwith the
complianceof somekey compilers.We alsoprovide someexamplenumbersshaving
someof the performancemplicationsof our design.



2 Design Criteria

Therearefour primary criteriaguiding our vectordesign which we presennot neces-
sarilyin priority order

2.1 Memory Layout

In the previous sectionwe describedthe needfor a vector classwherethe memory
requiremenof eachinstanceas equalto thatof thevectorcomponentalone.ln general,
we areinterestechot only in the amountof memoryrequired but alsoin how the data
componentarelayedoutin memory This interestcomesfrom the desireto be able
to sharedataarrayswith applicationsthat may not be written usingour vectorclass,
or perhapsot writtenin C++ atall. Oneof the leadingcandidatedor sharingwould

benumericalfield solvers. Suchapplicationgypically operatewith verylargenumeric
arrays.In the casesvherean applicationhasthe componentg$or eachvectorinstance
contiguousin memory we cansharethe buffer andtreatit asan array of our vector
instances.By sharingwe canavoid the memoryandtime consumeddy a copy and
reomanizestep,a stepthat can be quite costly and possiblynot even feasiblewhen
working with problemscloseto the capacityof a system.

2.2 Templated Vector Length

A secondcriterion for our vectorclassis thatit be templatedby length. The moti-

vation for this requiremenis the desireto develop objectsthat are templatedby the

dimensionalityof their basespaceandthe spacethey areembeddedn. For example,
we anticipatedevelopingclassedor regularmeshegembeddedh d-dimensionakpace.
Suchobjectsnaturally have a needfor vectorsthat are also d-dimensional both for

internalimplementatiorandfor the classinterface.

2.3 Performance

While we wantto havethegeneralityof d-dimensionaVvectorswith avarietyof compo-
nenttypes,we do notwantto achieve this atthe expenseof performanceFurthermore,
we hopeto maintainalevel of performanceuchthatlibrary userswill feelcomfortable
usingour vectorobjectsratherthanhandcodingtheir own vectormath.

2.4 MatricesVia Composition

The fourth criterion is probablythe leastobvious of the four. We wantto support
constructingmatricesasvectorsof vectors. For example,a 3 by 4 matrix of float s
could be declaredas FMvector<3,FM _vector<4,float> >. The syntaxfor
suchdeclarationss admittedlya bit avkward— clearly our motivationis not syntax.
We canhidemostof thesyntaxunattractveneswyiatypedef statementsThemotiva-
tion for the designcomesfrom anticipateduseswith differential-operatofields. Such
fields requirethat we computevariouspartial termsexpressingchangein field value
with respecto coordinateaxes. Givena scalarfield, a differential-operatofield may



returnthepartialsin avector, for examplein responséo agradientquery Imaginethat
thefield typeis templatedsothatthesamemplementatiorcouldbeusedfor ary scalar
type. Now imagineif we wereto try to usethe samedifferential-operatomechanism
with avectorfield. Theresultof agradientjuerywould bea vectorof vectorscontain-
ing all thetermsneededor the secondordertensor albeittransposedrom the usual
layout. Thus,thesametemplateccodecouldbe usefulfor bothscalarandvectorfields.
But this reusebreaksdown at compiletime if we cannotinstantiatevectorsof vectors.
In general,we have found compositionto be a powerful techniquefor defining new
objectsin termsof otherobjects(asfor examplein FEL2 [MHEOO, MHOQ]). We an-
ticipatethat supportfor vectorcompositioncouldleadto someinterestingcapabilities
hereaswell.

As we will seein thefollowing sectionssupportingvectorof vectorscomposition
doeshave somesometimesubtleimplications.In short,we mustbe carefulto account
for caseswvherethe vectorcomponentype T is not a scalarwhenwe definemember
andfriend functionsfor ourvectorclass.We addresshe specificissuesasthey arisein
thefollowing sections.

3 Implementation

3.1 TheGeneric Vector Class

We call ourvectorclassFMvector 1, whereFMstandgor “Field Model”. Eventually

theFMvector classmaybeusedin supportof alargerfield modellibrary. Theclass

providesthe basicmathoperatorshat onewould expectof vectors,thoughthe setof

operatorgrovidedin the currentimplementatioris by no meansexhaustve.
Thebeginningof theFMvector classlookslike:

template <int N, typename T>
class FM_vector
{
public:
FM_vector() {}
FM_vector(const T dat[])
{
for (int i =0; i < N; i++)
dlil = dat]i];

1A classigoroblemwhenwriting alibrary thatwill beusedn applicationdevelopmenis avoidingnames-
pacecollision problems A namespaceollision occurswhenmultiple librariesusethesameidentifiername,
for example,vector . The traditional solutionto this problemis for eachlibrary to add somestandard
prefix to all the namest introducesfor example,prefixingvector  with FM. to getFMvector . Recent
C++ offers a secondoption: the namespace mechanisn([ISO98 §7.3). We have chosenthe traditional
solutionherebecaus¢he namewe wantto use,vector , is likely to alreadyoccurin the environment(via

the standardibrary). Typing FMvector is just ascornvenientastyping FM::vector , andis always
unambiguous.



template  <typename S>
explicit FM_vector(const FM_vector<N,S>& dat)
{
for (int i =0; i < N; i++)
dil = (T) dat[i;
}

TemplateparameteN specifieghevectorlength, T specifieshecomponentype. The
classhasthreeconstructorsa default constructol(i.e., without any arguments)acon-
structortakinganarrayof initialization values,anda constructotakinga same-length
FMvector of type S componentasanargumentfor initialization. Note thatwe use
thekeyword explicit for thethird constructor Without this keyword, the compiler
may implicitly usethethird constructotto corverta vectorof onetype of component
to avectorof another Sometimeghisis justwhatwe want: for example,to promotea
vectorof float sto avectorof double s. Unfortunately atothertimessuchcorver
sionsmary leadto ambiguityproblemdor thecompiler Givenaparticularexpression,
thecompilermaydeterminghatthereis morethanonecombinatiorof corversionsand
functionsthatit canuseto match. Compilerstypically treatthis asanerror. By using
the explicit keyword, we supporttype corversionsbut only if the userexplicitly
castsfrom onetype to another Seealsofor exampleMeyers ([Mey9€] Item 5) for a
discussiorof why oneshouldbe wary of implicit cornversionfunctions.

A typical exampleof a mathematicabperatoyroperator- , lookslike:

friend  FM_vector<N,T>

operator-(const FM_vector<N,T>& I|hs,
const FM_vector<N,T>& rhs)

{

T tmp[N];
for (int i =0; i < N; i++)
tmp[i] = Ihs]i] - rhs]i];
return  FM_vector<N,T>(tmp);
}

The basicdesignpatternfor operator- is followed by other similar operatorsas
well. Eachfunction containsa temporaryarraythat getsfilled in with resultvalues,
andthatarrayis usedto initialize the objectconstructedn thereturn  statementAn

alternative stylewould beto declarean FMvector<N,T>  instanceat the beginning
of theroutine fill in eachelementthenreturnit, with no constructoiin thefinal state-
ment.Notethatthefunctionis still meaningfulevenif thecomponentypeT is avector
type,i.e.,the sametemplatedefinessubtractiorof lik e-sizedmatrices.

In designingour vector class,we have to be carefulto choosebetweenproviding
function declarationsand function definitionsinside the classdefinition. A function
declamation specifiesa function signature jn otherwords,a function name,argument
typesandreturntype. A functiondefinitionis lik e adeclarationexceptthatthebody of
thefunction,definingits implementationis alsospecified. Thedistinctionis important
becausalefinitionsanddeclarationsaretreateddifferently whenit comesto template
instantiation.Functionsdefinedwithin a templateclassdefinitionwill beinstantiated



with eachtypethatthe classis instantiatedwvith, evenif they arenever used([ISO9g
§14.5.3temp.friend, item 5). This policy impactsus whenwe considercaseswvhere
we will instantiatevectorsof vectors. For example,we would run into problemsif
we provided FMdot asa friend function definition within our genericvector class.
Whenthe vector classis instantiatedwith a vector componentype, the compilerin
turnwould attempto instantiateeachfriend functiondefinedin theclass.Eventhough
we never attemptto dot onematrix with anotherthe compilerwould attemptto do the
instantiation. This instantiationwould fail whenthe compilerattemptsto instantiate
operator*  with correspondingectorcomponentsWe do not defineoperator*
with two vectorof scalarsargumentqseethefollowing section).

Within our vectorclasswe definea relatively minimal setof operator s, a set
constrainedby what still makes sensewhenwe composevectors: [| , ==, (unary)
-, (binary) -, +, and*. Outsideof the classwe also provide operator s!= and
<<. Thereareotheroperatorghat make sensegvenwith the “must work with vector
of vectors”constraint. We have found the currentsetof functionssufiicient for now.
We alsoprovidefriend  declarationgor FMdot andFMcross , with the function
definitionsfollowing outsidetheclass.

3.2 TypeTraitsand operator*

Unlike operator s+ and-, operator*  hasnaturalsemanticgor casesvherethe
left-handandright-handargumentsarenot of the samedimension.For the presentve

will limit oursehesto definingscalartimesanFMvector object,andthe commuta-
tive pair. Asin the previoussection,we have to be carefulto considerthe casewhere
thecomponentypeis itself avector We wantthe scalartypeto matchthe scalartype
within the FMvector argumentsowe cannotsimply hard-codehe scalarargument
to be a specifictype, e.g.,double . Simply usingthe templatecomponentype T

worksif we have a vectorof scalarsput breaksdown if we have a vectorof vectors.
The solutionis a techniqueknown astypetraits [Mye95]. Theideais to usethe C++

templatectlassandspecializatiormechanisnto provide specificinformationaboutthe
instantiationtypesthatwe useelsavhere.In our casewe areinterestedn determining
the scalarelementtype of the templateargumentT usedin an FMvector instanti-
ation. If our classis instantiatedwith T asa scalar thenthe elementtype would be
thesametype. If T correspond$o a FMvector of sometype,thenwe wantthetrait

mechanismo recursvely obtainthe elementtype of the vectorthat T correspondso.

We canexpressgthisin C++as:

template  <typename T>
struct FM_traits

{
typedef T element_type;

h



template <int N, typename T>

struct  FM_traits<FM_vector<N,T> >

{

typedef typename FM_traits<T>:element_type element_type;
%

Wewill revisit theuseof templatespecializationin thenext section.For operator*
usageof thetraitsmechanisnookslik e:

friend FM_vector<N,T>
operator*(typename FM_traits<T>::element_type Ihs,
const FM_vector<N,T>& rhs)

{
T tmp[N];
for (int i =0; i < N; i++)
tmp[] = Ihs * rhs]i];
return  FM_vector<N,T>(tmp);
}

The syntaxfor usingtraitsis a bit verbose and perhapsnot particularly easyto use
for thosenot familiar with templates Fortunately it is primarily just the FM.vector
library developersvhohaveto worry aboutgettingthesyntaxright. Onecasewherethe
userwould have provide his or herown traits specializationlik e thatfor FMvector
above, would beif heor sheinstantiatecan FMvector  with someothernon-scalar

type.

3.3 Specializations

Sofar we have presentedan overview of the genericFMvector classimplementa-
tion. The classprovidesbasicvectorfunctionality for vectorsof essentiallyarbitrary
lengthandcomponentype. Unfortunately we sacrificea bit in performancen order
to getsuchgenerality For example,in the definition for operator-  presentegre-
viously in Section3.1, notethatwe requirebuilding up theresultin atemporaryarray
tmp beforeconstructingthe final resultin thereturn  statement.We would like to

avoid useof the temporarywhen possible. We would alsolike to avoid the looping
construct,sincethe overheadcould be significantwhen the vectorlength N is very
small. In effect we would like to unroll theloop. Fortunately C++ providesa mech-
anismthat enableausto provide theseoptimizations:specializationg[1SO9g §14.7,
temp.spec). Specializationaretemplatedefinitionswhereoneor moretemplatepa-
rametersarefixed, comparedo theinitial, mostgeneraltemplatedefinition. If some,
but not all the parametersre fixed, thenwe have a partial specialization([ISO9§

§14.5.4 temp.class.gpec). Specializationganbeprovidedfor classtemplatesor func-
tion templatesin ourlibrary we useboth. For ourFMvector classthemostobvious
opportunityfor optimizationis to provide specializationdasedon particularvector
lengths. Using such specializationsywe canunroll the loops. We can also provide
operatordefinitionsthatusepatternamorelik ely to be optimizedby the compilet



Thekey to our specializatioroptimizationsis providing anadditionalconstructor
onethattakesthevectorcomponentasargumentsWithin operatodefinitions,we can
utilize this constructotto avoid thetemporaryarraythatwe hadto usepreviously. For
example,within a partial specializatiorfor length-3vectors,we could provide a more
optimizedversionof operator-

friend  FM_vector<3,T>
operator-(const FM_vector<3,T>& I|hs,
const FM_vector<3,T>& rhs)

{
return  FM_vector<3,T>(lhs.d[0] - rhs.d[0],
Ihs.d[1] - rhs.d[1],
Ihs.d[2] - rhs.d[2]);

}

In additionto eliminatingthe temporaryarrayandloop, we have a patternthat facili-
tateswhatis known asa namedreturn value optimization(seefor example[Mey96],
Item 20). Thisis a patternthatmary compilerscanexploit to avoid creatingtemporary
objectsatleastwhenoneusesthehigheroptimizationlevels.

Note in the previous examplethat a partial specializationis preciselywhat we
needed. The optimizationsdo not dependon the type T, they would apply regard-
lessof whetherT correspondetb int , float , or evenFMvector<3,double>
Whenproviding specializationsthereis in generalatrade-of betweerthe addedper
formanceonecanachieve with type specificcodeon onehand,andthe codemainte-
nancemplicationsontheother Providing mary specializationgmplieshaving alot of
nearly-the-sameodeto manage—whicloftenimpliesheadachefor library maintain-
ersin thelong term. Partial specialization$elp reducethis problemsomevhat, since
we can get by with fewer definitions,comparedto usingfull specializationsvery-
where. Partial specializationscomparedo total specializationsalsofree the author
from having to completelyanticipateevery instantiationtype that the userwill care
about.Unfortunately not every compilersupportsartial specializationsWe consider
severalkey compilersandtheir currentcompliancewith the C++ templatestandardn
the following section. Our implementationcurrently provides partial specializations
for vectorsof length1, 2, 3, and4.

4 Compiler Support

Tablel lists the currentstateof affairswhenit comesto featuresrequiredby our tem-
platedvectordesign. The threecompilersfamiliesthat we are particularlyinterested
in areMicrosoft Visual C++, gnug++, andSGI MIPSpro. The shortsummaryasone
canseefrom thetable,is thatthethreecompilersall supportthe featuresve need ex-
ceptthatthe Visual C++ compilerdoesnot handlepartial specializationsin general,
propertemplatehandlingrequireshatthe compilerhave arelatively sophisticateghat-
ternmatchingmechanisnfor decidingwhichimplementatiorio usewhenit encounters
the needfor a particularinstantiation. Our experiencewith the Visual C++ compiler
hasbeenthat their patternmatchingmechanisnis not particularlyrobust. The Visual



Feature VC++6.0 | g++2.952 | MIPSpro7.3.1.1m
Supportfor explicit keyword OK OK OK
Templatednemberfunctions OK OK OK
Specializatiorof templatecclasses OK OK OK
Partial specializatiorof templatecclasses OK OK
Specializatiorof templatedunctions OK OK OK
Partial specializatiorof templatedunctions OK OK

Tablel: Currentsupportfor somekey C++templatdanguagdeaturesn theMicrosoft
VisualC++6.0,gnug++2.95.2andSGI MIPSpro7.3.1.1mcompilers.

C++ compilerdoeshandlesimple matchingcasesorrectly; perhapghe compilerde-
velopershave not encountereagnoughpressureyet from their userbaseto make the
correcthandlingof moresophisticatedemplatesa priority.

As for the gnuandMIPSprocompilers,both were capableof handlingour vector
library code. With arny compiler, one shouldbe sureto get the currentversion,as
compliancewith the C++templatestandards arecentoccurrencetbest.Onespecific
notefor the g++ compiler: the g++ shippedwith Redhat6.2 Linux is not especially
current. In particular the shippedcompilerdoesnot supportall the featuredistedin
Tablel. Usersof Redhat6.2 shouldbe preparedo downloadandinstall a currentg++
in orderto successfullycompile FM.vector

5 Performance and Optimization

Table 2 lists exampletimings for the evaluationof a routine typically usedin point
locationcodes. The routine definesa predicateindicating whetherpoint d is above,
coplanarwith, or below the plane definedby pointsa, b andc (as exactly aswe
cancalculateusingstandardloating-point). The rows correspondo increasingevels
of compile-timeoptimization. The first two float anddouble columnslist per
formanceobtainedusing the genericFMvector class. The float anddouble
headingsndicatewhetherthe vectorswere composef single-precisioror double-
precisioncomponentstespectiely. Thesecondpair of float anddouble columns
repeatghetimings,but with theaddedavailability of the classpartialspecializatiorfor
length-3vectors.Thethird pair of columnslists timingswhentotal specializationgor
vectorsof 3float sand3 double swereavailable.

Clearly, timingsfor oneparticularexpressiordo not provide athoroughanalysisof
the performanceof the vectorlibrary. Neverthelessye includethe tableto make two
points. First, notethe rangein performancebtainedby varyingthe -O optimization.
The FMvector classis carefully written to usepatternsthat we expectto optimize
well, but we do not get the benefitsat default (-O0) optimization. Authors of high-
performancenumericalcodesshouldalreadybe familiar with theimportanceof using
compiler optimizations;the table shavs that optimizationsare especiallyimportant
whenusingclassesuchasFMvector to representow-level objects.

The secondpoint of Table2 is to provide a confirmationthatimplementingvector




Generic Partial Specialization Full Specialization

-On | float double float double float double
0 2.090 2.000 0.654 0.610 0.648 0.600
1 0.362 0.337 0.238 0.218 0.175 0.149
2 0.354 0.324 0.237 0.216 0.179 0.145
3 0.360 0.341 0.172 0.145 0.172 0.145

Table2: Exampletimings (usec/call)for a routineusedin pointlocationconsistingof
the following statementireturn  sign(FM _dot(d - a, FMcross(b - a,

Cc - a))) . Thetimingswerecomputedon a dual 500-MHz Xeon processomwork-
station,usingtheg++2.95.2compiler All vectorshadlengthN = 3.

classspecializationgloesindeedsignificantly improve performance.Comparingthe
columnsunderthe Generic headingto thoseunderthe Partial Specialization and
Full Specialization headingswe seethat the specializationsan cut the execution
time roughly in half, comparedto the genericimplementation. In Section3.3, we
introducedthe ideaof providing classspecializationgor our vectorimplementation.
Herewe confirmthatthereis aworthwhile performancepay-of dueto specializations.

Table 2 alsoprovidesa comparisorbetweenpartial andfull specialization.Both
the partialandfull specializationgssentiallyrely uponthe sameoptimizations pased
on exploiting specificvectorlengths. Fromthetablewe canseethatthe compilerhas
aneasietime recognizingopportunitiefor optimizationwhenwe provide full special-
izations,but at a high enoughoptimizationwe getthe sameperformancewith partial
specializationslone. Of course thesetimings arefor one compilerand one expres-
sion, sothey areclearly not the final word on the subject. Our overall philosophyis
to make a concerteceffort to maintainhigh performanceover a wide rangeof vector
instantiationtypes. To thatendwe favor optimizationsthatapply to ordinary (unspe-
cialized)templateover partially specializedemplatesandpartialspecializationsver
full specializationsWe seetwo problemawith full specializationsFirst, supplyingfull
specializationputsthelibrary authorsn thepositionof having to anticipatewhichin-
stantiationtypesareimportantto users.Somemay befairly obvious,but if thelibrary
is utilized by a variety of users,thenthis job canquickly becomedifficult. Second,
liberally addingfull specializationganleadto a codemaintenancaightmare.Part of
theoriginal appeabf templatess thatthey enablehecompilerto generateustomized
codeat compile/link time, working from a relatively small setof templatedclasses.
Addingmary full specializationsiullifies the softwareengineeringadvantage®f such
anapproachandleadsto muchmorenearly-the-sameode with the problemsnherent
in suchproliferationinevitably following.

6 Conclusion
We have presentedhe designandimplementatiorof a templatedC++ classfor small

vectors.Thedesignbalanceshe needfor extensibility andflexibility on onehandwith
the desirefor high performanceon the other We hopethat this reportmay enlighten
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readerd$o someof themoreinterestingpossibilitiesinherento the C++templatemech-
anism.In the appendixthatfollows, we provide the actualsourceto our FM.vector
classanda few supportingclassesWe encouragehe readerto utilize the codeto try
someexperimentson his or herown. C++compilersareonly now startingto fully sup-
portthetemplatestandard.The classegpresentedn this reportareonly the beginning
of whatis possible giventhesenew capabilities. Thefutureshouldbeinteresting.
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Appendix A

This appendix lists the C++ source code provided by the following files:
FMvector.h Theheadeffile providing our vectordefinitions.
FMmatrix.h Theheadeffile providing our matrix definitions.
FMtimer.h A simpletimer classusedto producethevaluesin Table2.
vector _tests.C An exampleprogramthatexercise=Mvector features.
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/I Emacs mode -*-C++-*- I
#ifndef _FM_VECTOR_H_
#define _FM_VECTOR_H_
/*

* NAME: FM_vector.h

*

* WRITTEN BY:

* Patrick  Moran pmoran@nas.nasa.gov
*

#include  <iostream>

#include  <math.h>

#ifndef FM_COORD
#define FM_COORD
typedef float FM_coord;
#endif

template  <int N, typename T> class FM_vector;

template  <typename T>
struct  FM_traits

typedef T element_type;

template <int N, typename T>
struct  FM_traits<FM_vector<N,T> >

typedef  typename FM_traits<T>::element_type element_type;

template  <int N, typename T>
T FM_dot(const  FM_vector<N,T>&, const FM_vector<N,T>&);

template  <typename T>
FM_vector<3,T> FM_cross(const ~ FM_vector<3,T>&,  const FM_vector<3,T>&);

template <int N, typename T = FM_coord>
class FM_vector
{
public:
FM_vector()  {}
FM_vector(const T dat[])

for (int i =0; i <N; i+4)
dil] = datfi;

template  <typename S>
explicit FM_vector(const FM_vector<N,S>& dat)

for (int i =0; i <N; i+4)
dil = (T) datfi;
T& operatorf](int iy { return d[i; }
const T& operatorf](int i) const { return d[i; }

operator const T*) const

{
return  (typename FM_traits<T>::element_type*) d;
friend  bool operator==(const FM_vector<N,T>& |hs,
const FM_vector<N,T>& rhs)
{
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bool res = true;
=0; i <N; i++) {

for (int i
if  ((Ihsli] == rhsli])) {
res = false;
break;
}
}
return  res;
}
FM_vector<N,T>& operator+=(const
for (nt i =0; i < N; i++)
di]  += V;
return  *this;
}
FM_vector<N,T>&  operator-=(const
for (nt i =0; i < N; i++)
dil] -= V[i;
return  *this;
}
FM_vector<N,T>&  operator*=(typename
for (int i =0; i <N; i+4)
dli] *= s;
return  *this;
}
FM_vector<N,T>&  operator/=(typename
for (int i =0; i <N; i+4)
di] /= s;
return  *this;
}
friend ~ FM_vector<N,T>  operator-(const
T tmp[N];
for (nt i =0; i < N; i++)
tmp[i] = -uli];
return  FM_vector<N,T>(tmp);
}
friend ~ FM_vector<N,T>  operator+(const
const
T tmp[N];
for (nt i =0; i < N; i++)
tmp[i] = Ihs[i] + rhsli];
return  FM_vector<N,T>(tmp);
friend  FM_vector<N,T>  operator-(const
const
T tmp[N];
for (nt i =0; i < N; i++)
tmp[i] = Ihs]i] - rhsli];
return  FM_vector<N,T>(tmp);
}
friend FM_vector<N,T>
operator*(typename FM_traits<T>::element_type

const FM_vector<N,T>& rhs)
T tmp[N];
for (nt i =0; i < N; i++)
tmp[i] = lhs * rhs[i];
return  FM_vector<N,T>(tmp);

FM_vector<N,T>& V)

FM_vector<N,T>& V)

FM_vector<N,T>&

FM_vector<N,T>&

FM_vector<N,T>&

FM_vector<N,T>&
FM_vector<N,T>&

lhs,
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friend

operator*(const

FM_vector<N,T>

FM_vector<N,T>& |hs,
typename FM_traits<T>::element_type

T tmp[N];
for (nt i =0; i < N; i++)
tmpli] = lhsJi] * rhs;
return  FM_vector<N,T>(tmp);
}
private:
T dINJ;
h
template  <typename T>
class FM_vector<1,T>
-
public:

FM_vector()  {}

FM_vector(const T dat[])
d[0] = dat[0];
template  <typename S>
explicit FM_vector(const
d[0] = (T) dat[0];
FM_vector(const T& a0)
d[0] = a0;
T& operator[](int i)
const T& operator[](int
operator  const T*()
return  (typename
}
friend  bool operator==(const
{
return
Ihs.d[0] == rhs.d[0];

FM_vector<1,T>&

d[o]
return

FM_vector<1,T>&

d[o]
return

}

FM_vector<1,T>&

d[0]
return

}

FM_vector<1,T>&

d[0]
return

+= v[0];
*this;

-= v[0];
*this;

*— s;
*this;

/= s;
*this;

const

const

operator+=(const

operator-=(const

operator*=(typename

operator/=(typename

FM_vector<1,S>&

{ return d[i]; }
{ return

const

FM_traits<T>::element_type*)

dat)

dfil;

FM_vector<1,T>&
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rhs)

lhs,
rhs)

FM_vector<1,T>&

FM_vector<1,T>&

v)

v)

{

{

FM_traits<T>::element_type

FM_traits<T>::element_type

s)

s)

{

{



}

friend  FM_vector<1,T>  operator-(const FM_vector<1,T>& u)

{

return  FM_vector<1,T>(-u.d[0]);

}

friend  FM_vector<1,T>  operator+(const FM_vector<1,T>& Ihs,
const FM_vector<1,T>& rhs)

return  FM_vector<1,T>(lhs.d[0] + rhs.d[0]);

friend  FM_vector<1,T>  operator-(const FM_vector<1,T>& I|hs,
const FM_vector<1,T>&  rhs)

{

return  FM_vector<1,T>(lhs.d[0] - rhs.d[0]);

}

friend  FM_vector<1,T>

operator*(typename FM_traits<T>::element_type Ihs,

const FM_vector<1,T>&  rhs)
{

return  FM_vector<1,T>(lhs * rhs.d[0]);

friend  FM_vector<1,T>

operator*(const FM_vector<1,T>& Ihs,
typename FM_traits<T>::element_type rhs)
{
return  FM_vector<1,T>(lhs.d[0] * rhs);
}

friend T FM_dot<T>(const FM_vector<1,T>&,
const FM_vector<1,T>&);

private:
T d[1];

template  <typename T>
class FM_vector<2,T>

{

public:

FM_vector()  {}
FM_vector(const T dat[])

d[0] = dat[0];
d[1] = dat[1];
}
template  <typename S>
explicit FM_vector(const FM_vector<2,S>&  dat)
{
d[0] = (T) dat[0];
d[1] = (T) dat[1];

}
FM_vector(const T& a0, const T& al)

d[0] = ao0;
d[1] = a1;
}
T& operatorf[](int iy { return d[i; }
const T& operatorf](int i) const { return d[i; }

operator const T*) const

{

return  (typename FM_traits<T>::element_type*) d;
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friend  bool operator==(const FM_vector<2,T>& Ihs,
const FM_vector<2,T>&  rhs)

{
return
Ihs.d[0] == rhs.d[0] &&
Ihs.d[1] == rhs.d[1];
}
FM_vector<2,T>&  operator+=(const FM_vector<2,T>& V)
do] += v[0];
dia]  += v1j;
return  *this;
}
FM_vector<2,T>&  operator-=(const FM_vector<2,T>& V)
do] -= v[q];
dia]  -= w1y
return  *this;
}
FM_vector<2,T>&  operator*=(typename FM_traits<T>::element_type
d[o] *= s;
d1] *= s;
return  *this;
FM_vector<2,T>&  operator/=(typename FM_traits<T>::element_type
dlo] /= s;
di] /= s;
return  *this;
}
friend  FM_vector<2,T>  operator-(const FM_vector<2,T>& u)
{
return  FM_vector<2,T>(-u.d[0], -u.d[1]);
}
friend  FM_vector<2,T>  operator+(const FM_vector<2,T>& |hs,
const FM_vector<2,T>&  rhs)
return  FM_vector<2,T>(lhs.d[0] + rhs.d[0],
lhs.d[1] + rhs.d[1]);
friend  FM_vector<2,T>  operator-(const FM_vector<2,T>& |hs,
const FM_vector<2,T>&  rhs)
{
return  FM_vector<2,T>(lhs.d[0] - rhs.d[0],
lhs.d[1] - rhs.d[1]);
}
friend FM_vector<2,T7>
operator*(typename FM_traits<T>::element_type lhs,

const FM_vector<2,T>&  rhs)

return  FM_vector<2,T>(lhs * rhs.d[0],
lhs * rhs.d[1]);

friend  FM_vector<2,T>

operator*(const FM_vector<2,T>& |hs,

typename FM_traits<T>::element_type rhs)
{
return  FM_vector<2,T>(lhs.d[0] * rhs,

lhs.d[1] * rhs);
}

friend T FM_dot<T>(const FM_vector<2,T>&,
const FM_vector<2,T>&);
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private:

T d[2];
template  <typename T>
class FM_vector<3,T>
{
public:
FM_vector()  {}
FM_vector(const T dat[])
d[0] = dat[0];
d[1] = dat[1];
d[2] = dat[2];
}
template  <typename S>
explicit FM_vector(const FM_vector<3,S>& dat)
d[0] = (T) dat[0];
dia] = (T) datf1];
d2] = (T) dat2];
FM_vector(const T& a0, const T& al, const T& a2)
d[0] = a0;
d[1] = al;
d2] = az;
}
T& operator[](int i)y { return d[i; }
const T& operator[](int i) const { return d[i;
operator const T*) const
{
return  (typename FM_traits<T>::element_type*)
}
friend  bool operator==(const FM_vector<3,T>& Ihs,
const FM_vector<3,T>& rhs)
{
return
Ihs.d[0] == rhs.d[0] &&
Ihs.d[1] == rhs.d[1] &&
Ihs.d[2] == rhs.d[2];
}
FM_vector<3,T>&  operator+=(const FM_vector<3,T>&
d[o] += v[0];
dia]  += vi;
di2]  += v[2];
return  *this;
FM_vector<3,T>&  operator-=(const FM_vector<3,T>&
do] -= v[q];
da] -= v[1];
d2] -= v[2;
return  *this;
}
FM_vector<3,T>&  operator*=(typename
d[0] *= s;
] *= s
2] *= s
return  *this;
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FM_vector<3,T>&  operator/=(typename FM_traits<T>::element_type

dio] /= s;
d1] /= s;
d2] /= s;
return  *this;
}
friend  FM_vector<3,T>  operator-(const FM_vector<3,T>& u)
return  FM_vector<3,T>(-u.d[0], -u.d[1], -u.d[2)]);
}
friend  FM_vector<3,T>  operator+(const FM_vector<3,T>& I|hs,
const FM_vector<3,T>& rhs)
{
return  FM_vector<3,T>(lhs.d[0] + rhs.d[0],
lhs.d[1] + rhs.d[1],
lhs.d[2] + rhs.d[2]);
friend  FM_vector<3,T>  operator-(const FM_vector<3,T>& |hs,
const FM_vector<3,T>& rhs)
{
return  FM_vector<3,T>(lhs.d[0] - rhs.d[0],
lhs.d[1] - rhs.d[1],
Ihs.d[2] - rhs.d[2]);
}
friend  FM_vector<3,T>
operator*(typename FM_traits<T>::element_type lhs,
const FM_vector<3,T>&  rhs)
{

return  FM_vector<3,T>(lhs * rhs.d[0],
lhs * rhs.d[1],
lhs * rhs.d[2)]);

friend FM_vector<3,T>

operator*(const FM_vector<3,T>& |hs,
typename FM_traits<T>::element_type rhs)
return  FM_vector<3,T>(lhs.d[0] * rhs,

lhs.d[1] * rhs,
Ihs.d[2] * rhs);
}

friend T FM_dot<T>(const FM_vector<3,T>&,
const FM_vector<3,T>&);
friend  FM_vector<3,T>  FM_cross<T>(const FM_vector<3,T>&,
const FM_vector<3,T>&);

private:
T d[3];

template  <typename T>
class FM_vector<4,T>

{

public:
FM_vector() {
FM_vector(const T dat[])

do] = dat[o];
di1] = datf1];
d2] = dat[2];
d3] = dat[3];

template  <typename S>
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explicit FM_vector(const FM_vector<3,S>& dat)
d[o] = (T) dat[0];
di] = (T) dat[1];
d2] = (T) dat[2];
d[3] = (T) dat[3];
FM_vector(const T& a0, const T& al, const T& a2, const T& a3)
{
d[0] = ao0;
d[1] = a1;
d2] = az;
d[3] = a3;
}
T& operatorf[](int iy { return d[i; }
const T& operator[](int i) const { return d[i; }
operator const T*) const
{
return  (typename FM_traits<T>::element_type*) d;
}
friend  bool operator==(const FM_vector<4,T>& Ihs,
const FM_vector<4,T>&  rhs)
return
Ihs.d[0] == rhs.d[0] &&
lhs.d[1] == rhs.d[1] &&
lhs.d[2] == rhs.d[2] &&
lhs.d[3] == rhs.d[3];
}
FM_vector<4,T>&  operator+=(const FM_vector<4,T>& v) {
do] += v[q];
dfl]  += v[1];
d2] += v[2];
d3] += v[3];
return  *this;
}
FM_vector<4,T>&  operator-=(const FM_vector<4,T>& v) {
do] -= v[q];
dii]  -= vi];
2] -= vi2];
dE] = VI3[
return  *this;
}
FM_vector<4,T>&  operator*=(typename FM_traits<T>::element_type
d[o] *= s;
d[1] *= s;
d2] *= s;
d3] *= s;
return  *this;
}
FM_vector<4,T>&  operator/=(typename FM_traits<T>::element_type
do] /= s;
da] /= s
d2] /= s
di3] /= s;
return  *this;
}
friend  FM_vector<4,T>  operator-(const FM_vector<4,T>& u)
return  FM_vector<4,T>(-u.d[0], -u.d[1], -u.d[2], -u.d[3]);

19

{

{



}

friend  FM_vector<4,T>  operator+(const FM_vector<4,T>&
const FM_vector<4,T>&
{
return  FM_vector<4,T>(lhs.d[0] + rhs.d[0],
lhs.d[1] + rhs.d[1],
lhs.d[2] + rhs.d[2],
lhs.d[3] + rhs.d[3]);
friend  FM_vector<4,T>  operator-(const FM_vector<4,T>&
const FM_vector<4,T>&
return  FM_vector<4,T>(lhs.d[0] - rhs.d[0],
lhs.d[1] - rhs.d[1],
Ihs.d[2] - rhs.d[2],
Ihs.d[3] - rhs.d[3]);
}
friend  FM_vector<4,T>
operator*(typename FM_traits<T>::element_type lhs,
const FM_vector<4,T>&  rhs)
{
return  FM_vector<4,T>(lhs * rhs.d[0],
lhs * rhs.d[1],
lhs * rhs.d[2],
lhs * rhs.d[3]);
friend  FM_vector<4,T>
operator*(const FM_vector<4,T>& Ihs,
typename FM_traits<T>::element_type rhs)
{
return  FM_vector<4,T>(lhs.d[0] * rhs,
lhs.d[1] * rhs,
lhs.d[2] * rhs,
lhs.d[3] * rhs);
}
friend T FM_dot<T>(const FM_vector<4,T>&,
const FM_vector<4,T>&);
private:
T d[4];
template <int N, typename T>
bool operator!=(const FM_vector<N,T>& Ihs,
const FM_vector<N,T>& rhs)
{
return  !(lhs == rhs);
}
template <int N, typename T>
std::ostreamé& operator<<(std::ostream& Ihs,
const FM_vector<N,T>& rhs)
{
lhs << "(*
lhs << rhs[0];
for (nt i =1; i < N; i++)
lhs << " " << rhs[i];
return  lhs << )%
}
template  <int N, typename T>

T FM_dot(const  FM_vector<N,T>&

lhs,

const FM_vector<N,T>&

20

lhs,
rhs)

lhs,
rhs)

rhs)



T res = |hs[0] * rhs[0];

for (nt i =1; i < N; i++)
res += lhsJi] * rhsl[i];
return  res;
}

template  <typename T>
T FM_dot(const  FM_vector<1,T>& |hs,
const FM_vector<1,T>&  rhs)

return
lhs.d[0]  * rhs.d[O];

template  <typename T>
T FM_dot(const FM_vector<2,T>& lhs,
const FM_vector<2,T>&  rhs)

{
return
lhs.d[0]  * rhs.d0]  +
lhs.d[l]  * rhs.d[1];
}

template  <typename T>
T FM_dot(const FM_vector<3,T>& Ihs,
const FM_vector<3,T>&  rhs)

{
return
lhs.d[0]  * rhs.d0]  +
lhs.d[l]  * rhs.d[l]  +
lhs.d2]  * rhs.d[2];
}

template  <typename T>
T FM_dot(const FM_vector<4,T>& lhs,
const FM_vector<4,T>&  rhs)

return
Ihs.d[0] * rhs.d[0] +
lhs.d[1] * rhs.d[1] +
lhs.d[2] * rhs.d[2] +
lhs.d[3] * rhs.d[3];

template  <typename T>

FM_vector<3,T>  FM_cross(const FM_vector<3,T>&
const FM_vector<3,T>&

{

return  FM_vector<3,T>(lhs.d[1] * rhs.d[2]
rhs.d[0] * |hs.d[2]
Ihs.d[0] * rhs.d[1]

}

template  <int N, typename T>

T FM_mag(const FM_vector<N,T>& V)

{

return  (T) sqrt(FM_dot(v, v));

template <int N, typename T>

T FM_distance2(const FM_vector<N,T>& lhs, const

FM_vector<N,T> d = rhs - |hs;
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return  FM_dot(d, d);

}
template  <int N>
FM_vector<N,bool> operator!(const FM_vector<N,bool>&
bool tmp[N];
for (nt i =0; i < N; i++)
tmp[i] = WIi];
return  FM_vector<N,bool>(tmp);
}
template  <int N>
FM_vector<N,bool> operator&&(const FM_vector<N,bool>&
const FM_vector<N,bool>&
bool tmp[N];
for (nt i =0; i < N; i++)
tmp[i] = lhs[i] && rhsli];
return ~ FM_vector<N,bool>(tmp);
}
template  <int N>
FM_vector<N,bool> operator||(const FM_vector<N,bool>&
const FM_vector<N,bool>&
bool tmp[N];
for (int i =0; i <N; i+4)
tmp[i] = lhs[i] || rhsli;
return  FM_vector<N,bool>(tmp);
}
template  <int N>
FM_vector<N,bool> operator”(const FM_vector<N,bool>&
const FM_vector<N,bool>&
bool tmp[N];
for (int i =0; i <N; i+4)
tmp[i] = Ihs[i] ~ rhsi];
return  FM_vector<N,bool>(tmp);
}
template  <int N>
bool operator<=(const FM_vector<N,bool>& lhs,
const FM_vector<N,bool>& rhs)
{
bool res = true;
for (int i =0; i <N; i++) {
if  (Ihs[i] && !rhsi]) {
res = false;
break;
}
return  res;
}
template  <int N>
bool operator>=(const FM_vector<N,bool>& lhs,
const FM_vector<N,bool>& rhs)
{
bool res = true;
for (int i =0; i <N; i++) {
it (!hs[i] && rhsli]) {
res = false;
break;
}
}

22

u)

lhs,
rhs)

lhs,
rhs)

lhs,
rhs)



return res;

}

typedef  FM_vector<2,int> FM_vector2i;
typedef ~ FM_vector<2,float> FM_vector2f;
typedef  FM_vector<2,double> FM_vector2d;
typedef  FM_vector<3,int> FM_vector3i;
typedef ~ FM_vector<3,float> FM_vector3f;
typedef ~ FM_vector<3,double> FM_vector3d;
typedef  FM_vector<4,int> FM_vector4i;
typedef ~ FM_vector<4 float> FM_vector4f;
typedef  FM_vector<4,double> FM_vector4d;

Copyright  (c) 2000
Advanced Management Technology, Incorporated

Permission is hereby granted, free of charge,

to any person obtaining a copy of this software

and associated documentation files (the "Software"),
to deal in the Software without restriction,

including without  limitation the rights to use,
copy, modify, merge, publish, distribute, sublicense,
and/or sell copies of the Software, and to permit
persons to whom the Software is furnished to do so,
subject to the following conditions:

*

*

*

*

*

*

*

*

*

*

*

*

*

* The above copyright notice and this permission
* notice shall be included in all copies or substantial
* portions of the Software.
*

*

*

*

*

*

*

*

*

*

*

*

*

THE SOFTWARHS PROVIDED"AS 1IS", WITHOUTWARRANTY
OF ANY KIND, EXPRESSOR IMPLIED, INCLUDING BUT NOT
LIMITED TO THE WARRANTIESOF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSEAND NONINFRINGEMENT.IN NO
EVENT SHALL THE AUTHORSOR COPYRIGHTHOLDERSBE LIABLE
FOR ANY CLAIM, DAMAGESOR OTHERLIABILITY,  WHETHER

IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING
FROM, OUT OF OR IN CONNECTIONWITH THE SOFTWAREOR
THE USE OR OTHERDEALINGS IN THE SOFTWARE.

LOG:
$Log$

#endif
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/I Emacs mode -*-C++-*- I
#ifndef _FM_MATRIX_H_
#define _FM_MATRIX_H_
/*

* NAME: FM_matrix.h

*

* WRITTEN BY:

* Patrick  Moran pmoran@nas.nasa.gov
*

#include  "FM_vector.h"

template <int M, int N, typename T>
FM_vector<N,T>
operator*(const FM_vector<M,T>& |hs,

const FM_vector<M,FM_vector<N,T> >& rhs)

T tmp[N], sum;
for (int n =0, n<N; nt+) {
sum = (T) O;
for (int m=0;, m< M, m++) {
sum += lhs[m] * rhs[m][n];

tmp[n] = sum;

return  FM_vector<N,T>(tmp);

}

template  <typename T>
FM_vector<3,T>

operator*(const FM_vector<3,T>& I|hs,
const FM_vector<3,FM_vector<3,T> >& rhs)
{
return  FM_vector<3,T>(lhs[0] * rhs[0][0] +

lhs[1]  * rhs[1][0] +
lhs[2]  * rhs[2][0],
lhs[0]  * rhs[O][1] +
lhs[1]  * rhs[1][1] +
lhs[2]  * rhs[2][1],
Ihs[0]  * rhs[0][2] +
lhs[1]  * rhs[1][2] +
lhs[2]  * rhs[2][2]);

}

template  <typename T>

FM_vector<4,T>

operator*(const FM_vector<4,T>& |hs,

const FM_vector<4,FM_vector<4,T> >& rhs)
{
return  FM_vector<4,T>(lhs[0] * rhs[0][0] +

lhs[1]  * rhs[1][0] +
lhs[2]  * rhs[2][0] +
Ihs[3]  * rhs[3][0],
Ihs[0]  * rhs[O][1] +
lhs[1]  * rhs[1][1] +
lhs[2]  * rhs[2][1] +
Ihs[3]  * rhs[3][1],
Ihs[0]  * rhs[0][2] +
lhs[1]  * rhs[1][2] +
lhs[2]  * rhs[2][2] +
Ihs[3]  * rhs[3][2],
Ihs[0]  * rhs[0][3] +
lhs[1]  * rhs[1][3] +
lhs[2]  * rhs[2][3] +
Ihs[3]  * rhs[3][3]);

}
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template <int M, int N, typename T>
FM_vector<M,T>
operator*(const FM_vector<M,FM_vector<N,T>

const FM_vector<N,T>& rhs)
T tmp[M];
for (int m=0, m< M; m++) {
tmp[m] = FM_dot(lhs[m], rhs);

return  FM_vector<M,T>(tmp);

template  <typename T>
FM_vector<3,T>

operator*(const FM_vector<3,FM_vector<3,T>
const FM_vector<3,T>& rhs)
{
return  FM_vector<3,T>(FM_dot(lhs[0], rhs),
FM_dot(lhs[1], rhs),
FM_dot(lhs[2], rhs));
}

template  <typename T>
FM_vector<4,T>
operator*(const FM_vector<4,FM_vector<4,T>

FM_dot(lhs[3], rhs));
}
template <int M, int N, int P, typename T>
FM_vector<M,FM_vector<P,T> >
operator*(const FM_vector<M,FM_vector<N,T>

{

const FM_vector<4,T>& rhs)

return  FM_vector<4,T>(FM_dot(lhs[0], rhs),
FM_dot(lhs[1], rhs),
FM_dot(lhs[2], rhs),

const FM_vector<N,FM_vector<P,T>

FM_vector<P,T>  tmp[M];
T sum;
for (int m=0, m< M; m++) {
for (int p =0 p<P; p+t+t) {
sum = (T) O;
for (int n =0 n<N; nt+) {
sum += lhs[m][n] * rhs[n][p];

tmp[m][p] = sum;

}

return  FM_vector<M,FM_vector<P,T> >(tmp);

template <int M, int N, typename T>
FM_vector<N,FM_vector<M,T> >
FM_transpose(const FM_vector<M,FM_vector<N,T>

}

FM_vector<M,T>  tmp[N];

for (int m=0, m< M; m++) {
for (int n =0, n < N; nt+) {
) tmp[n](m] = in[m][n];

}

return  FM_vector<N,FM_vector<M,T> >(tmp);

template  <typename T>
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FM_vector<3,FM_vector<3,T> >

FM_transpose(const FM_vector<3,FM_vector<3,T> >& in)
{
return FM_vector<3,FM_vector<3,T> >
(FM_vector<3,T>(in[0][0], in[1][0], in[2][0]),
FM_vector<3,T>(in[0][1], in[1][1], in[2][1]),
FM_vector<3,T>(in[0][2], in[1][2], in[2][2]));
}

template  <int N, typename T>
T FM_det(const  FM_vector<N,FM_vector<N,T> >&);

template <int N, typename T>

T FM_minor(const  FM_vector<N,FM_vector<N,T> >& in, int row, int
{
FM_vector<N-1,FM_vector<N-1,T> > tmp;
int  dst_row, dst_col;
dst_row = 0;
for (int src_row = 0; src_row < N; src_row++) {
if (src_row == row) continue;
dst_col = 0;
for (int src_col = 0; src_col < N; src_col++) {
if  (src_col == col) continue;
tmp[dst_row][dst_col] = in[src_row][src_col];
dst_col++;
dst_row++;

}
return  FM_det(tmp);
}

template <int N, typename T>
T FM_det(const  FM_vector<N,FM_vector<N,T> >& in)

T sum = (T) O;
for (int n =0, n < N; nt+) {

T minor = FM_minor(in, n, 0);
T cofactor = (n & 1) ? -minor : minor;
sum += in[n][0] * cofactor;

return sum;

}
template  <typename T>
T FM_det(const  FM_vector<1,FM_vector<1,T> >& in)

return  in[0][O];
template  <typename T>
T FM_det(const  FM_vector<2,FM_vector<2,T> >& in)

return  in[0][0] * in[1][1] - in[1][0] *in[O][1];

template  <typename T>

T FM_det(const  FM_vector<3,FM_vector<3,T> >& in)
{
return
in[0][0] * (in[1][1] * in[2][2] - in[2][1] *in[1]2]) -
in[1][0]  * (n[O)[]  * in2)2] - inf2)[L] ¢ in)2)  +
) in[2][0] * (in[0][1] * in[1][2] - in[1][1] *in[0][2]);

template  <typename T>
T FM_det(const  FM_vector<4,FM_vector<4,T> >& in)
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/I columns 2,3

T rorl = in[0][2] *in[1][3] - in[1][2] *in[O0][3];
T r0or2 = in[0][2] *in[2][3] - in[2][2] *in[0][3];
T r0or3 = in[0][2] *in[3][3] - in[3][2] *in[0][3];
T rlr2 = in[1][2] *in[2][3] - in[2][2] *in[1][3];
T rlr3 = in[1][2] *in[3][3] - in[3][2] *in[1][3];
T r2r3 = in[2][2] *in[3][3] - in[3][2] *in[2][3];
/I column 0
T minor0 = in[1][1] * r2r3 - in[2][1] * rlr3  + in[3][1] * rlr2;
T minorl = in[0][1] * r2r3 - in[2][1] * rOr3  + in[3][1] * r0r2;
T minor2 = in[0][1] * rlr3 - in[1][1] * r0r3  + in[3][1] * r0rl;
T minor3 = in[0][1] * rlr2 - in[1][1] * r0r2  + in[2][1] * r0rl;
return

in[0][0] * minor0 -

in[1][0] * minorl +

in[2][0] * minor2 -

in[3][0] * minor3;

template <int N, typename T>
FM_vector<N,FM_vector<N,T> >
FM_adj(const ~ FM_vector<N,FM_vector<N,T> >& in)

FM_vector<N,FM_vector<N,T> > res;
for (int row = 0; row < N; row++) {
for (int col = 0; col < N; col++) {
T minor = FM_minor(in, row, col);
T cofactor = ((row + col) & 1) ? -minor : minor;
res[col][row] = cofactor; /I transpose
}
}

return  res;
}

template  <int N, typename T>

int  FM_inv(const FM_vector<N,FM_vector<N,T> >& in,
FM_vector<N,FM_vector<N,T> >* out)

{

T det = FM_det(in);
if (det == (T) 0)
return  1;
*out = (T) 1/ det * FM_adj(in);
return 0;
}

template  <typename T>

int  FM_inv(const FM_vector<2,FM_vector<2,T> >& in,
FM_vector<2,FM_vector<2,T> >* out)

{

T det = FM_det(in);
if (det == (T) 0)
return 1;

T inv.det = (T) 1/ det
(*out)[0][0] = inv_det
inv_det
inv_det
inv_det

in[1][1];
-in[O][1];
-in[1][0];
in[0][0];

(ou)[O][1]
(*out)[1][0]
(out)[1][1]
return  0;

* % ok ok

}

template  <typename T>

int  FM_inv(const FM_vector<3,FM_vector<3,T> >& in,
FM_vector<3,FM_vector<3,T> >* out)

{
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/I column 0
T minor0 = in[1][1] * in[2][2] - in[2][1] * in[1][2];
T minorl = in[0][1] *in[2][2] - in[2][1] * in[0][2];
T minor2 = in[0][1] *in[1][2] - in[a][1] *in[0][2];
T det =
in[0][0] * minor0
in[1][0] * minorl +
in[2][0] * minor2;
if (det == (T) 0)
return 1;
T inv.det = (T) 1/ det
(*out)[0][0] = inv_det * minor0;
(*out)[0][1] = inv_det * -minorl;
(*out)[0][2] = inv_det * minor2;
(*out)[1][0] = inv_det * (in[2][0] * in[1][2] in[1][0]
(*fout)[1][1] = inv_det * (in[0][O] *in[2][2] in[2][0]
(*out)[1][2] = inv_det * (in[1][0] * in[0][2] in[0][0]
(*out)[2][0] = inv_det * (in[1][0] * in[2][1] in[2][0]
(*out)[2][1] = inv_det * (in[2][0] * in[0][1] in[0][0]
(*out)[2][2] = inv_det * (in[0][O] *in[1][1] in[1][0]
return  0;
}
template  <typename T>
int  FM_inv(const FM_vector<4,FM_vector<4,T> >& in,
FM_vector<4,FM_vector<4,T> >* out)
{
/I compute minors column by column, but Mfill in  (*out)
/I by row to effectively transpose
/I columns 2,3
T rorl = in[0][2] *in[1][3] - in[1][2] *in[0][3];
T r0or2 = in[0][2] *in[2][3] - in[2][2] * in[0][3];
T r0or3 = in[0][2] *in[3][3] - in[3][2] * - in[0][3];
T rir2 = in[1][2] *in[2][3] - in[2][2] *in[1][3];
T rir3 = in[1][2] *in[3][3] - in[3][2] *in[1][3];
T r2r3 = in[2][2] *in[3][3] - in[3][2] *in[2][3];
/I column 0
T minor0 = in[1][1] * r2r3 - in[2][1] * rlr3  + in[3][1]
T minorl = in[0][1] * r2r3 - in[2][1] * r0or3  + in[3][1]
T minor2 = in[0][1] * rlr3 - in[1][1] * r0r3  + in[3][1]
T minor3 = in[0][1] * rlr2 in[1][1] * r0r2  + in[2][1]
T det =
in[0][0] * minor0
in[1][0] * minorl +
in[2][0] * minor2
in[3][0] * minor3;
if (det == (T) 0)
return 1,
T inv_det = (T) 1/ det;
(*out)[0][0] = inv_det * minor0;
(*out)[0][1] = inv_det * -minorl;
(*out)[0][2] = inv_det * minor2;
(*out)[0][3] = inv_det * -minor3;
/I column 1
minor0 = in[1][0] * r2r3 - in[2][0] * rlr3  + in[3][0]
minorl = in[0][0] * r2r3 - in[2][0] * r0r3  + in[3][0]
minor2 = in[0][0] * rlr3 - in[1][0] * r0r3  + in[3][0]
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minor3 = in[0][0] * rlr2 - in[1][0] * r0r2  + in[2][0] * r0rl;

(*out)[1][0] = inv_det * -minor0;
(*out)[1][1] = inv_det * minorl;
(*out)[1][2] = inv_det * -minor2;
(*out)[1][3] = inv_det * minor3;
/I columns 0,1
rorl = in[0][0] *in[1][1] - in[1][0] *in[O][1];
ror2 = in[0][0] * in[2][1] - in[2][0] *in[O][1];
ror3 = in[0][0] *in[3][1] - in[3][0] *in[O][1];
rir2 = in[1][0] *in[2][1] - in[2][0] *in[a][1];
r1r3 = in[1][0] *in[3][1] - in[3][0] *in[a][1];
r2r3 = in[2][0] *in[3][1] - in[3][0] *in[2][1];
/I column 2
minor0 = in[1][3] * r2r3 - in[2][3] * rlr3  + in[3][3] * rlr2;
minorl = in[0][3] * r2r3 - in[2][3] * r0r3  + in[3][3] * r0r2;
minor2 = in[0][3] * rlr3 - in[1][3] * r0r3  + in[3][3] * r0rl;
minor3 = in[0][3] * rlr2 - in[1][3] * r0r2  + in[2][3] * r0rl;
(*out)[2][0] = inv_det * minor0;
(*out)[2][1] = inv_det * -minorl,;
(*out)[2][2] = inv_det * minor2;
(*out)[2][3] = inv_det * -minor3;
/I column 3
minor0 = in[1][2] * r2r3 - in[2][2] * rlr3  + in[3][2] * rlr2;
minorl = in[0][2] * r2r3 - in[2][2] * r0r3  + in[3][2] * 10r2;
minor2 = in[0][2] * rlr3 - in[1][2] * r0r3  + in[3][2] * r0rl;
minor3 = in[0][2] * rlr2 - in[1][2] * r0r2  + in[2][2] * rOrl;
(*out)[3][0] = inv_det * -minor0;
(*out)[3][1] = inv_det * minorl;
(*out)[3][2] = inv_det * -minor2;
(*out)[3][3] = inv_det * minor3;
return 0;
}
template <int N, typename T>
void FM_identity(FM_vector<N,FM_vector<N,T> >* out)
T zero = (T) O;
T one = (T) 1,
for (int row = 0; row < N; row++)
for (int col = 0; col < N; col++)
(*out)[row][col] = row == col ? one : zero;
typedef ~ FM_vector<2,FM_vector<2,float> > FM_matrix22f;
typedef ~ FM_vector<2,FM_vector<3,float> > FM_matrix23f;
typedef  FM_vector<3,FM_vector<2,float> > FM_matrix32f;
typedef  FM_vector<3,FM_vector<3,float> > FM_matrix33f;
typedef  FM_vector<3,FM_vector<3,double> > FM_matrix33d;
typedef  FM_vector<4,FM_vector<4,float> > FM_matrix44f;
typedef  FM_vector<4,FM_vector<4,double> > FM_matrix44d;
/*
* Copyright (c) 2000
* Advanced Management Technology, Incorporated
*
* Permission is hereby granted, free of charge,
* to any person obtaining a copy of this software
*

and associated  documentation  files  (the "Software"),
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T I

*

to deal in the Software without restriction,

including without  limitation the rights to use,
copy, modify, merge, publish, distribute, sublicense,
and/or sell copies of the Software, and to permit
persons to whom the Software is furnished to do so,
subject to the following conditions:

The above copyright notice and this permission
notice shall be included in all copies or substantial
portions  of the Software.

THE SOFTWARHS PROVIDED"AS 1S", WITHOUT WARRANTY
OF ANY KIND, EXPRESSOR IMPLIED, INCLUDING BUT NOT
LIMITED TO THE WARRANTIESOF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSEAND NONINFRINGEMENT.IN NO
EVENT SHALL THE AUTHORSOR COPYRIGHTHOLDERSBE LIABLE
FOR ANY CLAIM, DAMAGESOR OTHERLIABILITY, = WHETHER

IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING
FROM, OUT OF OR IN CONNECTIONWITH THE SOFTWAREOR
THE USE OR OTHERDEALINGS IN THE SOFTWARE.

LOG:
$Log$

#endif
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/I Emacs mode -*-C++-*- I
_FM_TIMER_H_
_FM_TIMER_H_

#ifndef
#define
/*

* NAME: FM_timer.h
*

* WRITTEN BY:

OF ANY KIND, EXPRESSOR IMPLIED,

LIMITED TO THE WARRANTIESOF MERCHANTABILITY, FITNESS

INCLUDING BUT NOT

FOR A PARTICULAR PURPOSEAND NONINFRINGEMENT.IN NO

EVENT SHALL THE AUTHORSOR COPYRIGHTHOLDERSBE LIABLE

FOR ANY CLAIM, DAMAGESOR OTHER

LIABILITY, WHETHER

IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING

FROM, OUT OF OR IN CONNECTIONWI

TH THE SOFTWAREDR

THE USE OR OTHERDEALINGS IN THE SOFTWARE.

LOG:

* Patrick  Moran pmoran@nas.nasa.gov
*
#include  <sys/time.h>
class FM_timer
1.
public:
FM_timer()  { reset(); }
void reset() { total = 0.0; }
void  start() { gettimeofday(&start_tv, (struct timezone
void  stop()
struct  timeval  stop_tv;
gettimeofday(&stop_tv, (struct timezone *) 0);
long dts = stop_tv.tv_sec - start_tv.tv_sec;
long dtus = stop_tv.tv_usec - start_tv.tv_usec;
double dt = (double) dts + (double) dtus * 1.0e-6;
/I round to milliseconds
long millisec = (long) (dt * 1000.0 + 0.5);
total += millisec * 1000.0;
double elapsed() { return total }
private:
struct timeval  start_tv;
double total;
b
/*
* Copyright (c) 2000
* Advanced Management Technology, Incorporated
*
* Permission is hereby granted, free of charge,
* to any person obtaining a copy of this software
* and associated  documentation files  (the "Software"),
* to deal in the Software without restriction,
* including without  limitation the rights to use,
* copy, modify, merge, publish, distribute, sublicense,
* and/or sell copies of the Software, and to permit
* persons to whom the Software is furnished to do so,
* subject to the following conditions:
*
* The above copyright notice and this permission
* notice shall be included in all copies or substantial
* portions  of the Software.
*
* THE SOFTWARHS PROVIDED"AS 1IS", WITHOUTWARRANTY
*
*
*
*
*
*
*
*
*
*
*

" $Log$
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/*

* NAME: vector_tests
*

* WRITTEN BY:

* Patrick  Moran pmoran@nas.nasa.gov
*

#include  <assert.h>
#include  <stdlib.h>
#include  "FM_vector.h"
#include  "FM_matrix.h"
#include  "FM_timer.h"

void random_init(int* i)

{

Y =rand) %10 - 5;

}

void random_init(float* f)

{

* = (float) (rand() % 20 - 10);
}

void random_init(double* d)

{

*d = (double) (rand() % 20 - 10);
}

template <int N, typename T>

void random_init(FM_vector<N,T>* V)
{

for (nt i =0; i < N; i++)

random_init(&((*v)[i]));
}

template  <typename T>
T max_mag(T t)

return 't >= (T) 0?2t : -t

}

template <int N, typename T>
typename FM_traits<T>::element_type
max_mag(const FM_vector<N,T>& v)

typename FM_traits<T>::element_type res =
(typename  FM_traits<T>::element_type) 0;
for (int i =0; i <N; i++) {
typename FM_traits<T>::element_type e = max_mag(V[i]);
if (e > res)
res = e
}
return  res;
}
inline static double fmax(double a, double b)
{
return  a > b ? a : b;
}

template  <int N, typename T>
void general_tests()
e

int i

T a[N];

for (i =0; i < N; i++)
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random_init(&ali]);

/IFM_vector(const T

/IT& operator[](int)

FM_vector<N,T>  u(a);

for (i =0; i < N; i++)
assert(u[i] == al[i]);

for (i =0; i < N; i++)

ufi] ufil;
i

for 0; i < N; i++)
assert(u[i] == ali]);
/lconst T& operator[](int) const

const FM_vector<N,T> cu = u;
for (i =0; i <N; i++)

assert(u[i] == culi]);
/IFM_vector(T, T, ..)
[ffriend bool operator==(const FM_vector<N,T>&,
I const FM_vector<N,T>&)
[[friend bool operator!=(const FM_vector<N,T>&,
/A const FM_vector<N,T>&)
assert(u == u);
assert(!(u 1= u));
FM_vector<N,T> v = u;
while (U == v)
random_init(&v);
assert(u = v);
[[friend FM_vector<N,T>  operator+(const FM_vector<N,T>&,
n const FM_vector<N,T>&)

FM_vector<N,T> w = u + v;
for (i =0; i < N; i+4)

assert(wli] == ufi] + V[i])
[[friend ostream& operator<<(ostream&,
/A const FM_vector<N,T>&)
/Istd::cout << v << end|
/IFM_vector<N,T> operator*(typename FM_traits<T>::element_type,
/A const FM_vector<N,T>&)
typename FM_traits<T>::element_type s =0
random_init(&s);
vV =s*u
for (i =0; i < N; i++)
assert(v[i] == s * u[i]);
/IFM_vector<N,T> operator*(const FM_vector<N,T>&,
I typename FM_traits<T>::element_type)
V= u* s
for (i =0; i < N; i++)
assert(v[i] == ufi] * s);

random_init(&u);
random_init(&v);

/ffriend FM_vector<N,T>  operator-(const FM_vector<N,T>&)
w = -u;
for (i =0; i < N; i++)

assert(wli] == -u[i]);
[ffriend FM_vector<N,T>  operator-(const FM_vector<N,T>&,
I const FM_vector<N,T>&)
w=u- v
for (i =0; i < N; i++)

assert(wli] == ufi] - Vi)
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template <int N, typename T>
void vector_of_scalars_tests()

{

int i

int  sum;
FM_vector<N,T> u, v;
random_init(&u);
random_init(&v);

[[friend T FM_dot(const FM_vector<N,T>&,
n const FM_vector<N,T>&)
sum = 0;
for (i =0; i <N; i++4)

sum += ufi] * V[i;
assert(sum == FM_dot(u, V));

[friend FM_vector<3,T>  FM_cross(const FM_vector<3,T>&,
I const FM_vector<3,T>&)
Tt

FM_vector<3,T> t3, u3, v3, w3, x3;

random_init(&u3);

random_init(&v3);

random_init(&w3);

random_init(&x3);

/' u3 x (v3 x w3) == v3u3 . w3) - w3u3 . v3)
t3 = FM_cross(u3, FM_cross(v3, w3)) -

(v3 * FM_dot(u3, w3) - w3 * FM_dot(u3, v3));
assert(max_mag(t3) == 0);

/I (u3 x v3) x w3 == v3u3 . w3) - u3(v3 . w3)
t3 = FM_cross(FM_cross(u3, v3), w3) -

(v3 * FM_dot(u3, w3) - u3 * FM_dot(v3, w3));
assert(max_mag(t3) == 0);

/I (U3 x v3) . (W3 x x3) == (u3 . w3)(v3 . x3) - (U3 . x3)(v3 . w3)
t = FM_dot(FM_cross(u3, v3), FM_cross(w3, x3)) -

(FM_dot(u3, w3) * FM_dot(v3, x3) - FM_dot(u3, x3) * FM_dot(v3, wa3));
assert(t == 0);

/' u3 x (v3 x w3) + v3 x (W3 x u3) + w3 x (u3 x v3) ==
t3 = FM_cross(u3, FM_cross(v3, w3)) +

FM_cross(v3,  FM_cross(w3, u3)) + FM_cross(w3, FM_cross(u3, Vv3));
assert(max_mag(t3) == 0);

template <int N, typename T>
void real_vector_of_scalars_tests()

{

int i
double epsilon = 1le-5;
FM_vector<N,T> u;

[lfriend T FM_mag(const FM_vector<N,T>&)
random_init(&u);
double dsum = 0.0;
for (i =0; i < N; i++)
dsum += (double)  (ufi] *ulil);
assert(fabs(sgrt(dsum) - (double) FM_mag(u)) < epsilon);

template <int M, int N, typename T>
void vector_matrix_tests()
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FM_vector<M,T> uM, vM;
FM_vector<N,T> uN, VN;

FM_vector<M,FM_vector<N,T> > mMN;
FM_vector<N,FM_vector<M,T> > mNM;
FM_vector<M,FM_vector<M,T> > mMM, miMM, iMM;
FM_vector<N,FM_vector<N,T> > mNN;

/ILet P=M+ N+ 3

FM_vector<M,FM_vector<M+N+3,T> > mMP;
FM_vector<N,FM_vector<M+N+3,T> > mNP;
FM_vector<M+N+3,FM_vector<M,T> > mPM;

int  row, col;

T det;
/IFM_vector<N,FM_vector<M,T> >
/IFM_transpose(const FM_vector<M,FM_vector<N,T> >& in)

random_init(&mMN);
mNM= FM_transpose(mMN);
for (int row = 0; row < M; row++)
for (int col = 0; col < N; col++)
assert(mMN[row][col] == mNMl]col][row]);

/IFM_vector<N,T>

/loperator*(const FM_vector<M,T>& I|hs,

1 const FM_vector<M,FM_vector<N,T> >& rhs)
/[FM_vector<M,T>

/loperator*(const FM_vector<M,FM_vector<N,T> >& Ilhs,
I const FM_vector<N,T>&  rhs)

random_init(&vM);
random_init(&mMN);
uN = vM * mMN- FM_transpose(mMN) * vM;

assert(max_mag(uN) == (T) 0);
/IFM_vector<M,FM_vector<P,T> >

/loperator*(const FM_vector<M,FM_vector<N,T> >& Ilhs,
/A const FM_vector<N,FM_vector<P,T> >& rhs)

random_init(&mMN);
random_init(&mNP);
mMP= mMN* mNP;
mPM= FM_transpose(mNP) * FM_transpose(mMN);

assert(max_mag(mMP - FM_transpose(mPM)) == (T) O0);
/IFM_vector<M,FM_vector<M,T> > FM_identity()
FM_identity(&mMM);
for (row = 0; row < M; row++)
for (col = 0; col < M; col++)
assert(mMM][row][col] == (row ==col ? (T) 1: (T

/IT  FM_det(const  FM_vector<N,FM_vector<N,T> >&);
FM_identity(&mMM);

det = FM_det(mMM);

assert(det == (T) 1);

const TK=(T) 7,
mMMI[0][0] K;
det = FM_det(mMM);

assert(det == K);

random_init(&mMM);

assert(FM_det(mMM) - FM_det(FM_transpose(mMM)) == (T)
/IFM_vector<N,FM_vector<N,T> >

/IFM_adj(const FM_vector<N,FM_vector<N,T> >& in)
random_init(&mMM);

FM_identity(&MM);

det = FM_det(mMM);

assert(max_mag(FM_adj(mMM) * mMM- det * iMM) == 0);
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template <int M, typename T>
void real_vector_matrix_tests()
{

int  row, res;

T epsilon = (T) 1le-4;

T det;

const T K= (T) 7,

FM_vector<M,T> uM, vM;
FM_vector<M,FM_vector<M,T> > mMM, miMM, iMM;

/lint FM_inv(const FM_vector<N,FM_vector<N,T> >& in,

I FM_vector<N,FM_vector<N,T> >* out)
det = FM_det(mMM);
while (det == (T) 0) {

random_init(&mMM);
det = FM_det(mMM);

}
res = FM_inv(mMM, &miMM);

assert(res == 0);

/ImMM[0] = K * mMM[M- 1];
llres = FM_inv(mMM, &miMM);
Ilassert(res 1= 0);

random_init(&mMM);

det = FM_det(mMM);

while (det == (T) 0) {
random_init(&mMM);
det = FM_det(mMM);

}

for (row = 0; row < M; row++)
mMM[row][0] = K * mMM[row][M - 1];

res = FM_inv(mMM, &miMM);

assert(res 1= 0);

/IFM_vector<M,FM_vector<P,T> >

/loperator*(const FM_vector<M,FM_vector<N,T> >& |hs,
n const FM_vector<N,FM_vector<P,T> >& rhs)

FM_identity(&MM);
random_init(&mMM);
res = FM_inv(mMM, &miMM);
while (res != 0)
random_init(&mMM);
res = FM_inv(mMM, &miMM);
}
epsilon = 1le-3;
assert(max_mag(mMM * miMM - iMM) < epsilon);
assert(max_mag(miMM  * mMM- iMM) < epsilon);

/lint FM_inv(const FM_vector<N,FM_vector<N,T> >& in,

I FM_vector<N,FM_vector<N,T> >* out)
det = FM_det(mMM);
while (det == (T) 0) {

random_init(&mMM);
det = FM_det(mMM);

}

res = FM_inv(mMM, &miMM);
assert(res == 0);

mMM[0] = K * mMM[M- 1J;
res = FM_inv(mMM, &miMM);
assert(res 1= 0);

random_init(&mMM);

det = FM_det(mMM);
while (det == (T) 0) {
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random_init(&mM

M);

row < M; row++)
= K * mMM[row][M -

det = FM_det(mMM);
}
for (row = O;
mMM[row][0]
res = FM_inv(mMM, &miMM);
assert(res 1= 0);

/IFM_vector<M,FM_vector<P,T>

/loperator*(const
1

FM_identity(&MM);
random_init(&mMM)
res
while  (res
random_init(&mM
res

}

epsilon

le-3;

assert(max_mag(mMM
assert(max_mag(miMM

const

FM_vector<M,FM_vector<N,T>
FM_vector<N,FM_vector<P,T>

FM_inv(mMM, &miMM);
0) {

M);

FM_inv(mMM, &miMM);

1];

>& lhs,
>& rhs)

* miMM - iIMM) < epsilon);
* mMM- iIMM) < epsilon);

}
template  <typename T>
inline static int  sign(T 1)
return 't > (T) 0?2 1: (t <(M) 072 -1 0);
}
template  <typename T>
/linline
int  orient(const FM_vector<3,T>& a,
const FM_vector<3,T>& b,
const FM_vector<3,T>& ¢,
const FM_vector<3,T>& d
{
return  sign(FM_dot(d - a FM_cross(b - a c¢ - a));
template  <typename T>
void orient_tests(const FM_vector<3,T>&)
{
int i, res = 0
const int N_STMTS= 1,
const int N_TRIALS = 10000000;
FM_timer timer;
double total;
FM_vector<3,T> a, b, ¢, d;
random_init(&a);
random_init(&b);
random_init(&c);
random_init(&d);
res = 0;
timer.start();
for (i = 0; i < N_TRIALS; i++) {
res += orient(a, b, ¢, d);
}
timer.stop();
res = res;
total = timer.elapsed();
std::cout << total / (double) (N_TRIALS * N_STMTS)
<< " usec / orient" << std::endl;
}
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void  timing_tests()

{
orient_tests(FM_vector<3,float>());
orient_tests(FM_vector<3,double>());

}
int  main()

for (int i = 0; i < 1000; i++) {

general_tests<1,int>();

general_tests<2,int>();

general_tests<3,int>();

general_tests<4,int>();

general_tests<17,int>();

general_tests<4,FM_vector<3,int> >();
general_tests<5,FM_vector<7,int> >();
general_tests<2,FM_vector<4,FM_vector<3,int> > >();
general_tests<8,FM_vector<5,FM_vector<7,int> > >();

vector_of_scalars_tests<2,int>();
vector_of_scalars_tests<3,int>();
vector_of_scalars_tests<4,int>();
vector_of_scalars_tests<5,int>();

real_vector_of_scalars_tests<2,double>();
real_vector_of_scalars_tests<3,double>();
real_vector_of_scalars_tests<4,double>();
real_vector_of_scalars_tests<5,double>();

vector_matrix_tests<2,2,int>();
vector_matrix_tests<2,3,int>();
vector_matrix_tests<2,4,int>();
vector_matrix_tests<2,5,int>();

vector_matrix_tests<3,2,int>();
vector_matrix_tests<3,3,int>();
vector_matrix_tests<3,4,int>();
vector_matrix_tests<3,5,int>();

vector_matrix_tests<4,2,int>();
vector_matrix_tests<4,3,int>();
vector_matrix_tests<4,4,int>();
vector_matrix_tests<4,5,int>();

vector_matrix_tests<5,2,int>();
vector_matrix_tests<5,3,int>();
vector_matrix_tests<5,4,int>();
vector_matrix_tests<5,5,int>();

real_vector_matrix_tests<2,double>();
real_vector_matrix_tests<3,double>();
real_vector_matrix_tests<4,double>();
real_vector_matrix_tests<5,double>();

}
timing_tests();

std::cout << "OK" << std:endl;

return 0;
}
/*
* Copyright (c) 2000
* Advanced Management Technology, Incorporated
*
*

Permission is hereby granted, free of charge,
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to any person obtaining a copy of this software

and associated  documentation  files  (the "Software"),
to deal in the Software without restriction,

including without  limitation the rights to use,
copy, modify, merge, publish, distribute, sublicense,
and/or sell copies of the Software, and to permit
persons to whom the Software is furnished to do so,
subject to the following conditions:

The above copyright notice and this permission
notice shall be included in all copies or substantial
portions of the Software.

THE SOFTWARHS PROVIDED"AS IS", WITHOUTWARRANTY
OF ANY KIND, EXPRESSOR IMPLIED, INCLUDING BUT NOT
LIMITED TO THE WARRANTIESOF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSEAND NONINFRINGEMENT.IN NO
EVENT SHALL THE AUTHORSOR COPYRIGHTHOLDERSBE LIABLE
FOR ANY CLAIM, DAMAGESOR OTHERLIABILITY, = WHETHER

IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING
FROM, OUT OF OR IN CONNECTIONWITH THE SOFTWAREOR
THE USE OR OTHERDEALINGS IN THE SOFTWARE.

LOG:
$Log$
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